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Abstract: The synthesis of controller algorithm for reversible electromechanical scanner of the
telescope scanning axis is discussed. Digital control system is built without intermediate stage of
synthesis of analog control law. The modified procedure for the synthesis of discrete optimal control
law is introduced. This procedure involves the choice of quadratic functional penalty matrices to be
replaced with the choice of system stability level. It is proved, that static control system of
electromechanical scanner has better characteristics than first order astatism control system.
Key-words: electromechanical scanner, discrete control law, modified discrete optimal quadratic
control.
spectrophotometric measurements of their
optical brightness.
Telescope works at infrared wavelength range
and is designed to scan space object. It is set to the
mount to control the angular position of the optical
axis in the space. As usually, a mount has three axes
of rotation: azimuth, elevation and scanning.
Scanning axis is often made in the form of
electromechanical scanner. Development of these
mounts and control systems for near space
observation is one of the most difficult problems of
modern precision instrument making. The fact is
that the mount and electromechanical control
systems, solving the problem of scanning an object
observed, should provide unique high quality
targeting. All the elements of the design concept and
its mount play an important role for such problems.
Usually, mount is represented as a two-mass

1 Introduction
Nowadays terrestrial optical-electronic tools
(according to tradition they are often called optical
telescopes) play a major role in the detection and
monitoring of space objects, especially at large
distances. Undoubted and unique advantages of
optical telescopes are the following:
• the ability to detect distant objects by the sun or
laser illumination in the night or twilight sky,
• the ability to detect objects in the infrared
wavelength range of their own thermal
radiation,
• high precision determination of the angular
coordinates of objects,
• possibility of obtaining optical images of space
objects and high-precision photometric and

ISBN: 978-960-474-383-4

153

Advances in Automatic Control

Nowadays mathematical package MATLAB
is a powerful tool for design of control systems. By
using this package, transformation from the model
(1) to the model (2) with a sampling interval Td is
performed using a built-in command c2d. When
synthesis of control algorithm is provided, moment
of resistance Mc is neglected, but it is taken into
account when modeling the control system.
The reference signal of electromechanical
scanning system is a periodic signal consisting of
working areas with forward and reverse and two
reversing areas in each period. A typical graph of
one period of reference signal is shown on Figure 1.

mechanism in the process of modeling and design of
electric drives. The angular resonance frequency of
the mechanism caused by the torsional deformation
determines frequency bandwidth of the control
system, and as a result, its performance [1-4].

2 Mathematical model of scanner
A mathematical model of the magnetic
spring, which is used in the scanning axis of the
telescope, has the following form
Ke
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where R is winding resistance, L is leakage
inductance of the control winding, Ke is coefficient
of back EMF, J is moment of inertia, f is coefficient
of moment of viscous friction force, Mc is resistance
torque, Ki is stiffness of speed-load curve or current
sensitivity, Kα is stiffness of speed-load curve or
current sensitivity or stiffness of magnetic spring.
Typically, the viscous friction coefficient has a
small value, so it might be neglected [5-7].
In the above equations u is control voltage, i
is current in the control winding, α is rotation angle
and ω is rotation speed. The most common case in
practice is when current sensor and position sensor
included in the control system.
Standard state-space model (1) is
x = Ag x + Bg u + Bgc M c
,
(2)
y = Cg x
where
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Microprocessor implementation of the control
system is a requirement now. The problem of
synthesis algorithm controller directly, bypassing
the stage of the synthesis of analog control law with
its subsequent sampling, is relevant. In order to
solve it, a differential system of equations is
transformed into a system of difference equations
(3).
x m +1 = Adg x m + Bdg u m + Bdgc M cm
(3)
y m = C dg x m
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Figure 1. Reference signal in scanning system, tr is
time of working area, tnr is time of non-working
area.
According to Figure 1 a reference signal at
the working area is changed at a constant speed. For
zero steady-state position error control system
requires to have second order astatism. Control
object (1) is static, and second order astatism could
only be achieved by adding two integrators (adders
in the discrete version) in the control law. But the
implementation of integrators leads to a significant
overshoot in transient response. In this case, there
are significant transient errors at the beginning of
each working section after reversing the actuator.

3 Synthesis of controller
In a static system in the work area there is a
constant speed error and linearly changing position
error. However, it is possible that the absolute value
of these errors will be much smaller than when
integrators are included in the control law [8, 9].
It is necessary to synthesize linear-quadraticGaussian (LQG) discrete controller with first order
observer, due to absence of speed sensor and
without an integrator. In this case, a closed loop
system is static. LQG controller provides the
location of the state eigenvalues of a closed loop
system within the circle of unit radius centered at
the origin for any choice of positive definite penalty
matrices. In addition, optimal control provides
sufficiently large reserves stability which ensures
smooth transient.
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wm +1 = (a n + bn N 2 ) wm + (bn N 1 + rn ) y m
.
(8)
u m = N 2 wm + N 1 y m
The reference signal on Figure 1 should be
generated so as to avoid shocks during the reverse
of actuator and acceleration signal would be
continuous. For this purpose, it is recommended
triple integration of the third derivative of the
reference signal. Its graph is shown in Figure 2,
t
t
where
t z2 = nr +t r ,
t z1 = nr ,
t z3 = t nr +t r ,
2
2
3t
3t
t z4 = nr +t r , t z5 = nr + 2t r , t z 6 = 2(t nr +t r ) .
2
2

However, it is well known that there are no
rules of proved choice of penalty matrices, it is often
guided by brute force. It is necessary to provide
transient time for continuous object (1), which is
determined by the degree of stabilityη. Then the
roots of the characteristic equation of a discrete
system consisting of a discrete controller and the
object (1), must lie within a circle centered at the
origin of radius r = e −ηT . Auxiliary matrices are
Adg
Bdg
, Bn =
(4)
An =
r
r
If you select the positive η with appropriate
dimension, then feedback matrix, which is obtained
from the solution of the discrete Riccati equation,
guarantees the location of the eigenvalues of the
matrix (5) inside the circle of unit radius.
(5)
Fn = An − Bn K
If expression (4) is substituted in (5),
following expression could be obtained:
Adg Bdg
1
1
Fn =
K = ( Adg − Bdg K ) = F .
−
r
r
r
r
And so, F = rFn.
It is known that if matrices are associated by
functional relation, the same is ratio of their
eigenvalues. Hence the eigenvalues of F lie inside
the circle of radius r.
As a result, only one number η is selected,
which has a clear physical meaning and determining
system performance, instead of selecting the penalty
matrices by brute force.
(6)
u m = − Kxm
Synthesized optimal control (6) cannot be
implemented due to absence of the rotation speed
sensor. As follows from (2) vector y =  i  is
α 
measured. Missing information about the rotation
speed can be obtained using low-dimensional
observer. Expression (6) is transformed to
(7)
u m = N 2 wm + N1 y m
where wm is determined by solving the real-time
difference equation wm+1 = anwm + bnum + rnym.
The number an identifies a speed of
estimation and is selected from the range 0 ≤ an < 1.
Matrix rn is chosen to provide controllability
of pair (an, rn), e.g., rn = [0 1]. Coefficient bn is
determined by bn = TnBdg, Tn is determined by
solving Sylvester equation anTn - TnAdg + rnCdg = 0.
Matrices N1 and N2 in expression (7) are estimated

Figure 2. The third derivative of the reference
signal.
The amplitude of the third derivative of the
reference signal is calculated according to the
formula
16α gr
.
a max =
t r t nr2
t
If M k = zk , k = 1,2,...,6 , then the flowchart
T
of sequence generation algorithm, shown at Figure
2, is like on the upper part of Figure 3.
The state-space model of block of triple
integration of analog setpoint has the form (9).
x = Ax + Bv
(9)
α = Cx
In (9)
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Coefficient β in the setpoint model determines
setting time of output periodic signal. The more
time to establish oscillations, the smoother is the
starting process of the scanning device. In case of
the forced start autooscillations occur in the system

−1

C 
N 2 ] = − K  d  . The model of discrete
 Tn 
controller is achieved:

like [N 1
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Modeling was provided for some concrete
object with defined parameters. The output of
electromechanical scanner system is shown at
Figure 5.

due to saturation of the power supply. It is often
3 ≤ β ≤ 6.
Algorithm for generating discrete controller
setpoint signal can be obtained from the expression
(9), using the built-in MATLAB command c2d.
Then the discrete state-space model of signal
generator has the following form:
x m+1 = Ad xm + Bd vm .
α = C d xm

Figure 5. Scanner position signal.
Position error graph is shown at Figure 6. As
can be seen from this figure position error at the
work area does not exceed two percent. Speed error
graph is shown at Figure 7. As can be seen from this
figure steady speed error at the work area does not
exceed two percent, too.

Figure 3. Flowchart of setpoint algorithm.
Figure 6. Scanner position error.
This model is used to construct an algorithm
for generating reference signal with flowchart
shown on Figure 3.

4 System modeling
Simulation scheme of a digital control system
of electromechanical scanner is presented on Figure
4, where block Subsystem 1is model of discrete
position setpoint, based on algorithm shown at
Figure 3, block Discrete State-Space is discrete
controller (8), block Subsystem is continuous object
model (1).

Figure 7. Scanner speed error.
The investigation of the system with a
discrete controller, synthesized by the proposed
method with first order astatism, showed the
following results:
• steady-state speed error is zero at the working
area,
• there is a significant short-term overshoot at the
beginning of the working area, reaching 80%,
• constant position error at the working area is
greater than 10%.
The above-mentioned results suggest that the
static control system has better performance than
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Figure 4. Simulation scheme of electromechanical
scanner.
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astatic first order and can be used to control the
precision electromechanical scanner.

5 Conclusion
Digital controller synthesized using the
intermediate stage of analog algorithm with its
subsequent sampling, has the following drawback.
Discretization of analog algorithms usually
performed using a simple first-order Euler method,
which does not guarantee high accuracy. Error of
etimation of derivatives can accumulate when the
control algorithm runs in real time and that leads to
loss of stability of the system with the poor choice
of the interval of discretization. Synthesis of a
discrete algorithm with exception of intermediate
continuous algorithm phase ensures system stability
with any selected value of the sampling interval.
The advantage of the synthesis of optimal
control is shown, when the procedure of selection of
penalty matrices is replaced by choosing only one
number characterizing the system performance. The
results obtained are recommended for use in highprecision electric drives of precision observations
complexes.
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